Léguillette R, Zitouni NB, Govindaraju K, Fong LM, Lauzon A-M. Affinity for MgADP and force of unbinding from actin of myosin purified from tonic and phasic smooth muscle. Am J Physiol Cell Physiol 295: C653-C660, 2008. First published July 9, 2008 doi:10.1152/ajpcell.00100.2008.-Smooth muscle is unique in its ability to maintain force at low MgATP consumption. This property, called the latch state, is more prominent in tonic than phasic smooth muscle. Studies performed at the muscle strip level have suggested that myosin from tonic muscle has a greater affinity for MgADP and therefore remains attached to actin longer than myosin from phasic muscle, allowing for cross-bridge dephosphorylation and latch-bridge formation. An alternative hypothesis is that after dephosphorylation, myosin reattaches to actin and maintains force. We investigated these fundamental properties of smooth muscle at the molecular level. We used an in vitro motility assay to measure actin filament velocity ( max) when propelled by myosin purified from phasic or tonic muscle at increasing [MgADP]. Myosin was 25% thiophosphorylated and 75% unphosphorylated to approximate in vivo conditions. The slope of max versus [MgADP] was significantly greater for tonic (Ϫ0.51 Ϯ 0.04) than phasic muscle myosin (Ϫ0.15 Ϯ 0.04), demonstrating the greater MgADP affinity of myosin from tonic muscle. We then used a laser trap assay to measure the unbinding force from actin of populations of unphosphorylated tonic and phasic muscle myosin. Both myosin types attached to actin, and their unbinding force (0.092 Ϯ 0.022 pN for phasic muscle and 0.084 Ϯ 0.017 pN for tonic muscle) was not statistically different. We conclude that the greater affinity for MgADP of tonic muscle myosin and the reattachment of dephosphorylated myosin to actin may both contribute to the latch state. velocity; phosphorylation; laser trap; in vitro motility; latch state SMOOTH MUSCLE is involved in a broad range of physiological processes, such as blood vessel tone maintenance and intestinal peristalsis. Two types of smooth muscle have originally been described based on their electrophysiological properties (30). Tonic smooth muscle is defined as slowly contracting, multiunit, and tone maintaining, as found in most blood vessels, whereas phasic smooth muscle is defined as rapidly contracting and single unit, as in the intestine. Tonic and phasic smooth muscles also differ in their expression of NH 2 -terminus myosin heavy chain (MHC) and essential light chain (LC 17 ) isoforms. Tonic muscle expresses predominantly the (Ϫ)insert smooth muscle MHC (SMMHC) and LC 17b isoforms, whereas phasic muscle expresses mostly the (ϩ)insert SMMHC and LC 17a isoforms (23, 40) . It is generally agreed that the regulation of smooth muscle is predominantly achieved by phosphorylation of regulatory light chains (LC 20 ) (29). Interestingly, Dillon and coworkers (6) have shown in carotid artery muscle strips that although the rate of shortening is correlated with LC 20 phosphorylation, force can be maintained for long periods of time even after dephosphorylation of most cross-bridges. This property, called the latch state, remains poorly understood. Many theories have been suggested to explain this unique ability of smooth muscle to maintain force at low energy cost. Dillon et al. (6) suggested that if cross-bridges were dephosphorylated while attached to actin, they would remain attached and sustain force while no longer cycling or cycling slowly. From work performed at the muscle strip level, Fuglsang and coworkers (9) proposed that the affinity for ADP (MgADP) of tonic smooth muscle myosin, where latch is most evident, is higher than that of phasic smooth muscle myosin. Because MgADP release from myosin is necessary for its detachment from actin (31), an attractive mechanism to explain the latch state is that due to its greater affinity for MgADP, tonic muscle myosin remains attached longer to actin and gets dephosphorylated while attached (13), thus creating latch-bridges. Hai and Murphy (13) even suggested that dephosphorylation may induce the latch state simply by reducing the rate of MgADP release from cross-bridges. However, this has never been investigated at the molecular level.
SMOOTH MUSCLE is involved in a broad range of physiological processes, such as blood vessel tone maintenance and intestinal peristalsis. Two types of smooth muscle have originally been described based on their electrophysiological properties (30) . Tonic smooth muscle is defined as slowly contracting, multiunit, and tone maintaining, as found in most blood vessels, whereas phasic smooth muscle is defined as rapidly contracting and single unit, as in the intestine. Tonic and phasic smooth muscles also differ in their expression of NH 2 -terminus myosin heavy chain (MHC) and essential light chain (LC 17 ) isoforms. Tonic muscle expresses predominantly the (Ϫ)insert smooth muscle MHC (SMMHC) and LC 17b isoforms, whereas phasic muscle expresses mostly the (ϩ)insert SMMHC and LC 17a isoforms (23, 40) . It is generally agreed that the regulation of smooth muscle is predominantly achieved by phosphorylation of regulatory light chains (LC 20 ) (29) . Interestingly, Dillon and coworkers (6) have shown in carotid artery muscle strips that although the rate of shortening is correlated with LC 20 phosphorylation, force can be maintained for long periods of time even after dephosphorylation of most cross-bridges. This property, called the latch state, remains poorly understood. Many theories have been suggested to explain this unique ability of smooth muscle to maintain force at low energy cost. Dillon et al. (6) suggested that if cross-bridges were dephosphorylated while attached to actin, they would remain attached and sustain force while no longer cycling or cycling slowly. From work performed at the muscle strip level, Fuglsang and coworkers (9) proposed that the affinity for ADP (MgADP) of tonic smooth muscle myosin, where latch is most evident, is higher than that of phasic smooth muscle myosin. Because MgADP release from myosin is necessary for its detachment from actin (31) , an attractive mechanism to explain the latch state is that due to its greater affinity for MgADP, tonic muscle myosin remains attached longer to actin and gets dephosphorylated while attached (13) , thus creating latch-bridges. Hai and Murphy (13) even suggested that dephosphorylation may induce the latch state simply by reducing the rate of MgADP release from cross-bridges. However, this has never been investigated at the molecular level.
Alternative views of the latch state also exist. For instance, instead of remaining attached after dephosphorylation, myosin might have the ability of reattaching to actin by a Ca 2ϩ -dependent regulatory mechanism other than myosin LC 20 phosphorylation (28) , or some cooperativity mechanism between phosphorylated and dephosphorylated myosin may allow dephosphorylated myosin to reattach to actin (15, 38) . However, the attachment of dephosphorylated myosin to actin has never been demonstrated at the molecular level. Indeed, biochemical studies have reported that unphosphorylated myosin is in a bent conformation so it may not have the capacity to attach to actin (34, 35) .
In the present study, we investigated fundamental mechanical properties of smooth muscle myosin to gain more information about the mechanisms responsible for the latch state. We used an in vitro motility assay to estimate the affinity for MgADP of myosin purified from tonic and phasic smooth muscle at different levels of LC 20 phosphorylation. Furthermore, we used a laser trap assay to verify if unphosphorylated myosin purified from tonic and phasic smooth muscle can bind to actin. Our results demonstrate that the velocity of actin filament movement ( max ) decreases with increasing [MgADP] but that at low levels of phosphorylation, the decrease is more pronounced for myosin from tonic than phasic smooth muscle. These results demonstrate a greater affinity of tonic smooth muscle myosin for MgADP at low phosphorylation levels. Furthermore, we found that unphosphorylated myosin of both tonic and phasic smooth muscles can attach to actin and that their unbinding force (F unb ) is not significantly different.
MATERIALS AND METHODS
Proteins. Myosin was purified from the bovine aorta (24) and chicken gizzard (8, 33) as previously described. Thiophosphorylation was performed using Ca 2ϩ , calmodulin (P2277, Sigma-Aldrich Canada), myosin light chain kinase (a generous gift from Dr. J. Haeberle, University of Vermont), and ATP␥S (A1388, Sigma-Aldrich Canada) (35) . Actin was purified from chicken pectoralis acetone powder (26) and fluorescently labeled by an incubation with tetramethylrhodamine isothiocyanate (TRITC)-labeled phalloidin (P1951, Sigma-Aldrich Canada) (39) .
Western blot analysis of total and (ϩ)insert SMMHC tissue content. Total SMMHC and (ϩ)insert isoform content of the gizzard and aorta after protein purification was verified by Western blot analysis. The amount of proteins loaded on the gel was assessed by a Bradford assay. Electrophoresis was done on a 6% SDS polyacrylamide gel using a Laemmli buffer system. Proteins were electroblotted onto nitrocellulose membranes (Bio-Rad Laboratories, Mississauga, ON, Canada). Membranes were probed either with a polyclonal antibody that specifically recognizes the seven-amino acid insert QGPSFAY [a generous gift from A. Rovner, University of Vermont (40)] or with a polyclonal SMMHC antibody that recognizes all SMMHC isoforms (Biomedical Technologies, Stoughton, MA). Antibody detection was done by enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ), and quantification was performed with a Fluorchem 8500 imaging system using AlphaEase software (Alpha Innotech).
Buffers. Myosin buffer (300 mM KCl, 25 mM imidazole, 1 mM EGTA, 4 mM MgCl 2, and 30 mM DTT; pH adjusted to 7.4) and actin buffer (25 mM KCl, 25 mM imidazole, 1 mM EGTA, 4 mM MgCl 2, and 30 mM DTT, with an oxygen scavenger system consisting of 0.1 mg/ml glucose oxidase, 0.018 mg/ml catalase, and 2.3 mg/ml glucose; pH adjusted to 7.4) were used for both the in vitro motility assay and F unb experiments. The motility assay buffer consisted of actin buffer to which MgATP (2 mM) and increasing concentrations of MgADP (0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1 mM) were added. The ionic strength was kept constant by adjusting KCl (4). Methylcellulose (0.5%) was added to favor binding between actin and myosin. The laser trap unbinding assay buffer consisted of actin buffer to which MgATP (200 M) and methylcelullose (0.3%) were added.
In vitro motility assay. max was measured in the in vitro motility assay following a previously described protocol (21) with slight modifications. Briefly, ultracentrifugation (Optima TLX ultracentrifuge and TLA-120.2 rotor, Beckman Coulter, Fullerton, CA) of myosin (500 g/ml) with equimolar filamentous actin and 1 mM MgATP in myosin buffer was performed to eliminate nonfunctional heads. Unphosphorylated and phosphorylated myosins were mixed to obtain 100% unphosphorylated, 25% phosphorylated (25% phosphorylated-75% unphosphorylated), or 100% phosphorylated myosin. (Note that ATP␥S was used to obtain a permanent phosphorylation level throughout the period of the experiments.) The desired myosin mixture was perfused in a flow-through chamber (30 l) constructed from a nitrocellulose-coated coverslip and a glass microscope slide (39) . Incubation for 2 min allowed random attachment of myosin to the nitrocellulose and was followed by the addition of BSA (0.5 mg/ml in actin buffer), unlabeled G-actin (10 M in actin buffer), MgATP (1 mM in actin buffer), actin buffer (two washes), TRITClabeled actin (10 M in actin buffer) incubated for 1 min, and motility assay buffer. For myosin MgADP affinity experiments, different MgADP concentrations were applied in random order. The flowthrough chamber was transferred to the stage of an inverted microscope (IX70, Olympus, Melville, NY) equipped with a high numerical aperture objective (ϫ100 magnification Ach 1.25 numerical aperture, Olympus, Melville, NY) and rhodamine epifluorescence. An image intensified video camera (VE1000SIT, Dage-MTI, Michigan City, IN) was used to visualize and record the actin filament movement on videotape (SVO-5800, Sony of America, New York, NY). Actin images were digitized (VG5 PCI RS170, Scion, Frederick, MD), and max was determined from the total path described by the filaments divided by the elapsed time using National Institutes of Health tracking software (NIH macro in Scion Image 4.02, Scion). All experiments were performed at 30°C.
F unb measurements. A single beam laser trap assay ( Fig. 1 ) was built using the Laser Tweezers Workstation (Cell Robotics, Albuquerque, NM) combined to the motility assay to perform F unb measurements. Before being coated with nitrocellulose, coverslips were sprayed with 4.5-m polystyrene microspheres (Polybead, Polysciences, Warrington, PA), which served as pedestals. The trapping microspheres were 3-m polystyrene microspheres (Polybead, Poly- A tetramethylrhodamine isothiocyanate (TRITC)-labeled actin filament is attached to the microsphere and brought in contact with unphosphorylated myosin randomly adhered to a 4.5-m pedestal on a coverslip. B: after time is allowed for the binding of unphosphorylated myosin to actin, the laser trap is moved away from the pedestal at constant velocity. Initially, the microsphere remains at the same position, now offset from the center of the trap. C: when the pulling force exerted by the trap exceeds the binding force of the unphosphorylated myosin molecules, the microsphere springs back into the trap center, its unloaded position. Unbinding force (Funb) is equal to the product of the maximal distance between the bead and trap center [maximal displacement (⌬d)] by the trap stiffness [calibrated using the Stokes force method (7)]. sciences) coated with N-ethylmaleimide-modified skeletal myosin (a generous gift from Dr. P. VanBuren, University of Vermont), as previously described (21, 39) . Proteins and solutions were prepared as for the motility assay except that TRITC-labeled actin was mixed with microspheres (13 ϫ 10 3 microspheres/l) in the unbinding assay buffer. One microsphere, visualized in bright field by a chargecoupled device camera (XC-75, Sony of America), was captured in the trap, and its position was recorded as described above. An actin filament, visualized by fluorescence imaging as described above, was attached to the microsphere and brought down in contact with myosin molecules randomly adhered to a pedestal (Fig. 1A ). Approximately 10 s were allowed for the interaction between myosin and actin to occur. This established the baseline position of the microsphere in the trap, and the trap was then moved away from the pedestal at a constant velocity of 4 m/s. Despite the trap being pulled away, the microsphere did not move until the force exerted by the trap on the microsphere was greater than that exerted by the myosin molecules on the actin filament (Fig. 1B) . At this point, the microsphere sprang back to its unloaded baseline position in the center of the trap (Fig. 1C) . The total F unb of the myosin molecules was calculated as follows:
where k is the trap stiffness and ⌬d is the maximal displacement of the center of mass of the trapped microsphere from its baseline position (Fig. 2) . k was calibrated by applying a viscous drag [or Stokes force (Ff)] to a trapped microsphere by moving it at a constant velocity (v) in 0.3% methylcellulose and measuring the displacement (⌬d) of the center of mass of the microsphere from the trap center (Fig. 3) . Ff on the microsphere was calculated as follows:
where is viscosity and r is the microsphere radius. The viscosity of 0.3% methylcellulose was measured with a viscometer (DV-I at 60 rpm, Brookfield, Middleboro, MA). Thus,
The value of k used was the average of multiple measurements performed at many velocities. The reproducibility of the calibration and linearity of the trap stiffness are shown in Fig. 3 . F unb is reported as the average force per myosin molecule, calculated by dividing the measured Funb by the number of myosin molecules estimated per actin filament length (37) , which was, in turn, measured by imaging with the SIT camera. The concentration of myosin used was 0.1 mg/ml, and the number of myosin molecules in contact with actin was estimated to be 24 myosin molecules/m actin filament (37) .
Because F unb measurements were performed on unphosphorylated myosin, the viability of the myosin was assessed by measuring max of a 100% phosphorylated sample from the same purification. Furthermore, F unb control experiments were performed by bringing actin filaments in contact with pedestals coated with BSA instead of myosin molecules. No attachment was observed with BSA.
Statistical analysis. Differences in F unb and max between myosin purified from tonic and phasic smooth muscles were tested using a Student's t-test and a Wilcoxon signed rank test, respectively. Differences in the slopes of max versus MgADP were tested using a Student's t-test applied to the linear regressions.
RESULTS

Western blot analysis of total SMMHC and the (ϩ)insert isoform.
The content of total SMMHC and the (ϩ)insert isoform of the purified chicken gizzard (phasic) and bovine aorta (tonic) was quantified by Western blot analysis (Fig. 4) . A strong signal was observed for the (ϩ)insert isoform in the chicken gizzard smooth muscle, but it was not detected in the aorta. These data suggest that, as previously reported for other tissues (40) , the chicken gizzard and bovine aorta are essentially constituted of the (ϩ) and (Ϫ)insert isoforms, respectively.
Affinity of tonic and phasic smooth muscle myosins for MgADP. The rate of actin filament movement ( max ) when propelled by myosin from tonic and phasic smooth muscle was assessed using the in vitro motility assay. First, max for fully phosphorylated tonic and phasic smooth muscle myosin was measured. In accordance with the literature (17, 21, 27) , max for 100% phosphorylated myosin from phasic muscle (1.08 Ϯ 0.12 m/s, mean Ϯ SD) was significantly faster (P Ͻ 0.001) than for 100% phosphorylated myosin from tonic muscle (0.44 Ϯ 0.02 m/s; Fig. 5 ). Next, we measured max for 25% phosphorylated myosin to mimic in vivo steady-state conditions (6). We observed significantly slower (P Ͻ 0.001) max for both myosin types compared with their respective 100% phosphorylated values (Fig. 5) . The 25% phosphorylated myosin from phasic muscle was also approximately twofold faster (P Ͻ 0.001) than 25% phosphorylated myosin from tonic muscle (0.50 Ϯ 0.07 m/s for phasic muscle vs. 0.26 Ϯ 0.04 m/s for tonic muscle; Fig. 5 ).
To estimate the difference in affinity for MgADP between tonic and phasic muscle myosin, we measured max at increasing MgADP concentrations at a phosphorylation level of 100%. max for both phasic and tonic smooth muscle myosin decreased with increasing MgADP (Fig. 6A) (Fig. 6B) . In contrast to the results at 100% phosphorylation (Fig. 6A) , the slopes at 25% phosphorylation were different between phasic and tonic muscle myosin. The slope for tonic muscle myosin was significantly steeper (Ϫ0.52 Ϯ 0.10, R 2 ϭ 0.96) than that of phasic muscle (Ϫ0.29 Ϯ 0.07, R 2 ϭ 0.98). The steeper slope of tonic muscle myosin suggests a greater affinity for MgADP at low phosphorylation levels. Indeed, the concentrations of MgADP necessary to reach half the initial max value (i.e., K i values) were 0.96 mM for tonic muscle (measured) and 1.74 mM for phasic muscle (extrapolated). Furthermore, the slopes for phasic muscle myosin at 100% phosphorylation (Ϫ0.30 Ϯ 0.11, R 2 ϭ 0.96) and at 25% phosphorylation (Ϫ0.29 Ϯ 0.07, R 2 ϭ 0.98) were almost identical (Fig. 7A) , whereas the slopes for tonic muscle myosin at 100% phosphorylation (Ϫ0.34 Ϯ 0.08, R 2 ϭ 0.98) and at 25% phosphorylation (Ϫ0.52 Ϯ 0.10, R 2 ϭ 0.96) were significantly different (P Ͻ 0.001; Fig. 7B ). This later result suggests that the phosphorylation level affects tonic and phasic muscle myosin affinity for MgADP differently. . Relative max (normalized to max at 0 mM MgADP) at increasing concentrations of MgADP for 100% phosphorylated tonic or phasic smooth muscle myosin (A) and 25% phosphorylated tonic or phasic smooth muscle myosin (B). There were no statistically significant differences between the slopes of the regression lines of 100% phosphorylated tonic and phasic muscle myosin, but there was a significant difference between 25% phosphorylated tonic and phasic muscle myosin (P Ͼ 0.0001).
F unb of unphosphorylated myosin from tonic and phasic smooth muscle. To verify if unphosphorylated myosin can bind to actin and to quantify its attachment force, we used a single beam laser trap assay and measured the F unb of unphosphorylated tonic and phasic muscle myosin. Table 1 shows F unb per myosin molecule in contact with the actin filament. F unb was not significantly different between tonic (0.084 Ϯ 0.017 pN) and phasic (0.092 Ϯ 0.022 pN) muscle myosin. These values are approximately one order of magnitude smaller than the previously reported unitary force generated by phosphorylated myosin, i.e., ϳ1 pN (21) and ϳ0.6 pN (36, 37) ( Table 1) .
DISCUSSION
The major findings of this study are as follows: 1) the affinity for MgADP of myosin from tonic muscle, at low phosphorylation conditions (25% phosphorylation), is significantly greater than that of myosin from phasic muscle; 2) the affinity for MgADP of myosin from tonic muscle is greater at low (25% phosphorylation) than high (100% phosphorylation) phosphorylation levels; 3) unphosphorylated myosin from tonic and phasic smooth muscle can attach to actin; and 4) the force of attachment of unphosphorylated myosin from tonic smooth muscle is not statistically different from that of phasic smooth muscle.
Affinity of tonic and phasic smooth muscle myosin for MgADP. Several studies have suggested that tonic and phasic smooth muscles have a different affinity for MgADP. Somlyo and coworkers (9, 18) showed that relaxation from rigor, induced by flash photolysis of caged MgATP, is significantly impeded in tonic smooth muscle strips in the presence of MgADP. In contrast, relaxation from rigor of phasic smooth muscle is much faster and barely affected by the addition of MgADP. Similarly, Lofgren and coworkers (22) demonstrated that the rate of shortening, as measured by the quick-release technique, decreases more rapidly as a function of [MgADP] in tonic than phasic smooth muscle strips. Force and stiffness measurements performed in (ϩ)insert isoform knockout mice bladder muscle strips also suggested a slower MgADP off rate in the homozygous negative compared with homozygous positive or heterozygous mice (16) . All these studies, however, were performed at the muscle strip level and were extrapolated to molecular level mechanisms.
To verify that the greater affinity for MgADP of tonic smooth muscle over phasic smooth muscle relies on differences at the myosin molecular level, we used the in vitro motility assay and tested the effect of [MgADP] on actin propulsion. Although previous studies have shown that intracellular free [MgADP] is in the range of 44 to 123 M (1, 20) , it is also known that MgADP may be available in greater concentrations around myosin heads due to its binding to actin and other proteins (3). Because no specific data are available on local [MgADP] around myosin heads, we used a range from 0 to 1 mM in the in vitro motility assay. The fact that our Fig. 7 . Relative max (normalized to max at 0 mM MgADP) at increasing concentrations of MgADP at 100% and 25% phosphorylation for phasic (A) and tonic smooth muscle myosin (B). The slopes of the regression lines were not significantly different between 100% and 25% phosphorylation for phasic muscle myosin but were significantly different for tonic muscle myosin (P Ͼ 0.001). results are in agreement with previous tissue experiments (9, 18) suggests that these concentrations are physiological.
Increasing [MgADP] in the motility milieu should hinder the release of MgADP from the myosin nucleotide binding pocket. Because MgADP release is the rate-limiting step for max (31) , the greater the affinity for MgADP, the more pronounced will be the reduction in max . We found that when myosin was fully phosphorylated, there was no difference in the slopes of max versus [MgADP] between tonic and phasic smooth muscle myosin (Fig. 6A ). Rovner and coworkers (27) previously reported similar results when measuring max for 100% phosphorylated (ϩ)insert and (Ϫ)insert isoform constructs at increasing MgADP concentrations, although they had the confounding effect of ionic strength correction by MgATP adjustments. However, the fact that our initial results at 100% phosphorylation disagreed with the results obtained from measurements performed at the muscle strip level (9, 18) led us to repeat these experiments at lower levels of phosphorylation. Indeed, it is important to note that steady-state phosphorylation levels in whole tissue or whole organs are never as high as 100%.
To test if the affinity of tonic muscle myosin is different from that of phasic muscle myosin at physiological phosphorylation levels, we repeated the max measurements but with myosin that was only 25% phosphorylated. Under those conditions, MgADP slowed actin to a greater extent when propelled by myosin from tonic than phasic muscle (Fig. 6B) . These results confirm that at physiological phosphorylation levels, myosin from tonic muscle has a greater affinity for MgADP than phasic muscle myosin. It is worth noting, however, that a laser trap study (21) and a study (19) of fluorescence transients of the ADP analog 3Ј-deac-eda-ADP reported differences in MgADP release rates between phasic and tonic muscle myosin even at high thiophosphorylation levels, whereas we observed differences only at low phosphorylation levels (Figs. 6 and 7) . It is possible that differences in strain conditions affected the release of MgADP by the myosin head, as previously suggested (2) . Further studies will be needed to directly compare the behavior of dephosphorylated and unphosphorylated myosin and their roles in the latch state. Moreover, the mechanism by which LC 20 phosphorylation/dephosphorylation somehow interacts with the presence or absence of the seven-amino acid insert in the surface loop of the heavy chain will also need further investigation.
The light chain binding domain of smooth muscle myosin is known to rotate by ϳ23°upon release of MgADP (10, 11, 32, 41) . This rotation is not observed in skeletal muscle and is thought to play a role in the smooth muscle economy of force maintenance because detachment of smooth muscle myosin would require an additional strain-dependant step (10, 11, 32, 41) . For tonic muscle myosin, this mechanism could work in concert with the greater affinity for MgADP, leading to a greater potential to get into the latch state.
It is important to note that our in vitro motility measurements were performed at saturating [MgATP] (2 mM) to rule out any effect of [MgATP] on our results. However, phasic smooth muscle is known to have a greater [MgATP] than tonic smooth muscle (5) . This greater MgATP content of phasic muscle might compete with bound MgADP and promote its release, and this effect would be additive to our present results, i.e., greater release of MgADP in phasic muscle.
Another interesting point that emerged from our max versus [MgADP] data is that better fits were obtained by linear regression than with logarithmic decays, and this was for both myosin types. This suggests that the behavior of smooth muscle myosin with increasing MgADP concentrations was not following a Michaelis-Menten kinetics model. Linear regression also yielded the best fits in other studies using the in vitro motility assay with the (ϩ)insert and (Ϫ)insert isoform constructs (27) as well as the quick-release assay with tonic and phasic smooth muscle (22) .
Because our purification procedures yielded essentially pure myosin devoid of contaminating proteins, the mechanical results reported here reflect properties of the myosin molecules themselves. Phasic muscle myosin expresses mostly MHC that includes the seven-amino acid insert in the surface loop above the nucleotide binding pocket [the (ϩ)insert isoform], whereas tonic muscle mostly expresses MHC without the insert [the (Ϫ)insert isoform] (40) . Western blot analysis of our purified myosin also showed that the chicken gizzard had a much greater content of the (ϩ)insert isoform than the bovine aorta, in which (ϩ)insert isoform expression was below the level of detection (Fig. 4) . It must be mentioned, however, that another potentially relevant variable is LC 17 isoform composition. In our study, we had no control over light chain isoforms, so purified myosin proteins were extracted with the same LC 17 isoforms that they associated with in vivo. Nonetheless, it has previously been demonstrated with recombinant myosin constructs that LC 17 isoforms do not alter the myosin mechanical properties in the in vitro motility assay, thus attributing the twofold difference in max between (ϩ) and (Ϫ)insert isoforms to the insert itself (27) . Nonetheless, the role of LC 17 has not been addressed at low LC 20 phosphorylation levels, but a similar, although not equal, relative difference in max between phasic and tonic muscle myosin was observed at 25% and 100% phosphorylation levels (Fig. 5) . These results suggest that LC 17 isoforms do not alter, to any large extent, max at low LC 20 phosphorylation levels as at high levels of phosphorylation.
F unb of unPHOS myosin from tonic and phasic smooth muscle. Using a single beam laser trap assay, we directly measured the actomyosin F unb of a population of unphosphorylated myosin from both tonic and phasic smooth muscle. We found that both tonic and phasic unphosphorylated smooth muscle myosin can bind to actin and that the attachment force is not different. The advantage of our assay over a singlemyosin molecule technique is that it measures the binding force from many myosin molecules at a time, thus increasing the signal-to-noise ratio and neglecting compliance in the system, such as microsphere-actin linkages (12, 25) . Therefore, by correcting for the number of myosin molecules, our system allows the detection of forces lower than those generated by cycling phosphorylated myosin molecules. The limitation of our assay was the precision of the actin length measurements by fluorescence imaging. This effect was reduced by using long filaments attached to many myosin molecules on a large pedestal, thereby increasing contact length and improving resolution.
Using the in vitro motility mixture assay and mathematical modeling relating max to the unitary force generated by myosin, Harris and coworkers (14) previously predicted an unphosphorylated-to-phosphorylated force ratio of 0.11 for gizzard smooth muscle myosin. Given that the unitary force generated by phasic muscle phosphorylated myosin has been reported to be between 0.6 (36, 37) and 1 pN (21), a value between 0.11 and 0.06 pN was expected for unphosphorylated myosin binding force. Indeed, these predictions are in agreement with our measured values of 0.084 and 0.092 pN for tonic and phasic muscle myosin, respectively (Table 1) .
Finally, the fact that there is no difference in F unb between tonic and phasic 25% phosphorylated myosin is in agreement with their proportional decreases in max from high to low phosphorylation levels. That is, if at low phosphorylation levels the binding of unphosphorylated myosin to actin is what reduces max , then similar binding forces for tonic and phasic smooth muscle myosin should reduce their max proportionally. Indeed, we measured a proportional decrease in max (Fig. 5) .
In conclusion, we demonstrated, at the molecular level, that at low phosphorylation levels, myosin from tonic muscle has a greater affinity for MgADP than myosin from phasic muscle. Furthermore, we showed that unphosphorylated tonic and phasic muscle myosin can bind to actin and generate a load. Further studies will be required to elucidate if, in a fully regulated system, both the dephosphorylation of attached cross-bridges and the reattachment of myosin molecules that have undergone dephosphorylation contribute to the latch state. Finally, more studies will be required to determine the contribution of these two mechanisms to the latch state in the context of all the other mechanisms proposed to date.
